[1] We use a new magnetohydrodynamic (MHD) model to study the effects of thermal-electron heating in Titan's ionosphere. This model improves the previously used multispecies MHD model by solving both the electron and ion pressure equations instead of a single plasma pressure equation. This improvement enables a more accurate evaluation of ion and electron temperatures inside Titan's ionosphere. The model is first applied to an idealized case, and the results are compared in detail with those of the single-pressure MHD model to illustrate the effects of the improvement. Simulation results show that the dayside ionosphere thermal pressure is larger than the upstream pressure during normal conditions, when Titan is located in the dusk region; thus Saturn's magnetic field is shielded by the highly conducting ionosphere, similar to the interaction of Venus during solar maximum conditions. This model is also applied to a special flyby of Titan, the T34 flyby, which occurred near the dusk region. It is shown that better agreement with the magnetometer data can be achieved using the two-fluid MHD model with the inclusion of the effects of thermal electron heating. The model results clearly demonstrate the importance of thermal-electron heating in Titan's ionosphere.
Introduction
[2] The plasma interaction around Titan is similar to the solar wind interaction with nonmagnetized planets, such as Venus and Mars. A unique interaction structure near Venus, as observed by Pioneer Venus Orbiter (PVO), is the formation of the ionopause when solar wind dynamic pressure is less than the peak of the ionospheric thermal pressure [Luhmann et al., 1980] . The interplanetary magnetic field is shielded by the highly conducting ionosphere under such conditions. In order to understand the Cassini magnetic field observations during low-altitude passes, it is important to determine the relative strength of the ram-side ionospheric thermal pressure and the upstream plasma pressure.
[3] When Titan orbits Saturn, the flowing magnetospheric plasma can interact with the dayside ionosphere, nightside ionosphere or somewhere in between. To make the interaction more complicated, the plasma environment around Titan is also highly variable; Titan could be located in Saturn's plasma sheet, lobe or magntosheath region [Rymer et al., 2009] . In addition, the magnetic field is also highly perturbed near Titan's orbit most of the time [Simon et al., 2010] .
[4] The magnetic pressure and ionospheric pressure profiles measured by the Cassini spacecraft were discussed in detail for the first Titan flyby by Wahlund et al. [2005] . It was found that the magnetic pressure of the magnetosphere and the electron thermal pressure of the ionosphere were largely of the same order of magnitude during the TA flyby. They also found that the "ionopause" was not sharply defined, but rather smeared over an extended region on both the inbound and outbound trajectories, since the Cassini spacecraft mainly passed through the wake region of Titan during the flyby. A recent study by Edberg et al. [2010] showed that statistically, the peak of the thermal pressure plus magnetic pressure is less than the dynamic pressure of the magnetospheric plasma; in other words, the magnetic field should be able to penetrate inside the ionosphere in most cases. However, the majority of those flybys occurred away from the ram direction.
[5] Although a single-fluid MHD model can predict the density and magnetic field in fairly good agreement with the observations [Ma et al., 2006] , it does not do a good job in reproducing the electron temperature inside the ionosphere [Ulusen et al., 2010] . The single-fluid MHD model only solves for the plasma pressure (= ion pressure + electron pressure), so it cannot provide separate values for ion and electron temperatures. A simple assumption that the ion temperature equals electron temperature is usually used when the ion or electron temperature is needed to evaluate dissociative recombination rates and to calculate energy transfer between ions and neutrals. In fact, electron temperature is usually different from the ion temperature. For example, the ion temperature in the Saturnian magnetosphere near Titan's orbit is normally higher than the electron temperature; while in Titan's ionosphere, the electron temperature is dominant over the ion temperature. At low altitudes at Titan, because of the tight coupling between ions and neutrals due to frequent ion-neutral collisions, the ion temperature is nearly the same as the neutral temperature. The coupling between electrons and neutrals is not as tight especially in the sunlit ionosphere as discussed by Galand et al. [2006] . The temperature of thermal electrons is usually higher than neutrals due to heating through collisions with the superthermal electrons, which consist of photo and secondary as well as magnetospheric electrons [Gan et al., , 1993 Roboz and Nagy, 1994; Richard et al., 2011] . The electron temperature (assuming it to be the same as the ion temperature) as predicted by the model is quite low in comparison with the Langmuir probe (LP) observations in Titan's ionosphere, as can be seen in the work of Ma et al. [2006, Figure 6] . Even though the thermal electron heating can be added in the total pressure equation, the energy is lost quickly through collisions between ions and neutrals when assuming the electron temperature to be infinitely tightly coupled to the ion temperature. Thus, the only way to solve the problem is to separate the temperatures of electrons and ions in the model, solving two pressure equations for electrons and ions, respectively. The same problem remains even in the hybrid simulation, since the electron temperature is either assumed to be to zero [Kallio et al., 2004] or assumed to be adiabatic [Simon et al., 2006; Modolo et al., 2005] , which means that both energy source and loss of electrons are neglected.
[6] This is the first attempt to address this problem in a global interaction model. In section 2, the two-fluid MHD model used in the paper will be discussed in detail. Section 3 compares simulation results of an ideal case using both a two-fluid MHD model and a single-fluid MHD model, and discusses the importance of the two-pressure equations in Titan's ionosphere. Section 4 applies the model to Cassini T34 flyby and compares the model results with plasma observations. A brief summary is given in section 5.
Two-Fluid MHD Model
[7] The seven-species single-fluid MHD model has been used to study the first two Titan flybys of Cassini [Ma et al., 2006] . In this study, the model is improved by solving two separate pressure equations for electrons and ions, so that both electron temperature and ion temperature can be selfconsistently calculated. In this model, electrons and ions are treated as two separate fluids, and their density, velocity and temperatures are all calculated self-consistently. The complete set of equations of the two fluid MHD model includes the following:
Continuity equation for seven ion species
Momentum equation for ions (assuming all the ions have the same velocity)
where r = P i¼ions r i , Ion pressure equation
Electron density can be calculated using
Electron velocity is defined as
where u H is the Hall velocity, defined as J/ne to indicate the velocity differences between ions and electrons.
[8] The electron pressure equation is
The magnetic conduction equation with a resistivity term is
Note that in the induction equation, the Hall term is neglected. We will discuss the effects of the Hall term in detail in a following paper. The magnetic field is frozen in with the ions where resistivity is not important. The following definitions are used in equations (1)- (7):
[ ] e electron; [ ] n,i′ neutral species index, where i′ refers to the parent neutral of the ith ion species; r i mass densities of seven different pseudo-ion species as listed in previous Titan papers [Ma et al., 2006 ]; S i , L i ion mass production and loss rates, calculated according to the chemical reactions in which these ions are involved; m i , n i mass and number density of corresponding neutrals; n ph,i′ , n imp,i′ corresponding photoionization rates and impact ionization rates; a R,i recombination rate; k s,i′ , k in charge exchange reaction rates; u, u e, u n velocity of the ions, electrons, and neutrals, respectively; J, j electric current vector and strength; P i , P e ion and electron thermal pressure, respectively; T i , T e ion and electron temperature, respectively; g ratio of specific heats, taken to be 5/3; m 0 permeability of free space, which is 4p × 10 −7 H/m; s 0 electrical conductivity of the plasma; the conductivity is calculated using the same method described by Ma et al. [2006] ; T n neutral temperature, taken to be 150 K, to be consistent with the Cassini INMS observations [Waite et al., 2005] ; n in momentum transfer collision frequency between ions and neutrals, calculated using the same method as described by Schunk and Nagy [2009] ; n ie momentum transfer collision frequencies between ions and electrons, calculated using the same method described by Schunk and Nagy [2009] ; n ne momentum transfer collision frequencies between neutrals and electrons, calculated based on the temperature-dependent collision rates with neutrals N 2 and CH 4 Richard et al., 2011] ; E 0 average energy imparted to the bulk thermal electron population by newly produced photoelectrons.
[9] The mass density of each ion species is calculated using the continuity equation (1). The changes in the ion mass density depend on the convection r·(ru) term, source (S i ), and loss (L i ) terms. The convection term is important in regions above the ionopause, while in the lower ionosphere, the density is mainly determined by the production and loss rates calculated based on chemical reactions.
[10] The momentum equation (2) describes the variation of the plasma moments. The terms on the left-hand side are the same as in an ideal MHD model. The two terms on the right-hand side are the loss due to ion-neutral collisions and changes due to chemical reactions. The relative importance of different forces varies not only with altitude but also the relative angle to the flow direction and solar radiation direction, as discussed in detail by Ulusen et al. [2010] .
[11] Equation (3) describes the change in ion pressure, including the heating effect due to ion-electron Coulomb collisions and the cooling effect caused by ion-neutral collisions. Similarly, electron cooling due to electron-ion collisions and electron-neutral collisions are included in the electron pressure equation (equation (6)). Thermal electron heating is also included as the second term on the right-hand side of equation (6). Here, the thermal electron heating is assumed to be proportional to the photoionization rates. We assume that the thermal electron heating rate due to Coulomb collisions with photoelectrons is a characteristic energy (E 0 = 0.6 eV) multiplied by the photoionization rate. This estimate was based on a detailed electron energy efficiency calculation from an ionospheric energetics model of Titan that includes photoelectron transport and collisions with neutrals and thermal electrons [Richard et al., 2011] . Also note that heat conduction is neglected in the model as is the neutral wind (u n is set to zero).
[12] The above set of equations is solved using the Michigan BATS-R-U.S. code [Powell et al., 1999; Tóth et al., 2011] . Similar to our previous simulations of Titan, the inner boundary is set at 725 km altitude. The boundary conditions are described in detail by Ma et al. [2009] . We use a spherical grid structure with the finest radial resolution of about 16 km close to the inner boundary and a total of about 2 million grid cells. The simulations are completed using a NASA super computer. Each run requires about 1000 processor hours.
Two-Fluid MHD Model Versus Single-Fluid MHD Model
[13] We first apply the above model to an idealized case of Titan. The upstream plasma condition was set as follows:
The coordinate system used in the paper follows the commonly used Titan Interaction coordinate system (TIIS) [Backes et al., 2005] . With the above set of parameters, Titan faces a subsonic (with sonic Mach number M S = 0.63) and submagnetosonic (magnetosonic Mach number M MS = 0.57) but super-Alfvenic (Alfvenic Mach number M A = 1.3) magnetospheric plasma flow. Titan is assumed to be located in the 18 Saturnian Local Time (SLT), meaning that the upstream co-rotational plasma would interact directly with the dayside ionosphere of Titan, as in the solar windplanetary interactions. In order to show the importance of the electron pressure equation, we also applied the single fluid MHD model using the same set of parameters, except the upstream electron and ion temperatures are set to be the same 850 eV value.
[14] Figure 1 shows plasma flow and magnetic field results in both the equatorial (XY) and polar (XZ) plane for the twofluid MHD model. The color shows plasma flow speed (Figures 1a and 1b) and magnetic field strength (Figures 1c  and 1d) , and white arrows show projections of flow directions (Figures 1a and 1b) and magnetic field directions (Figures 1c and 1d) . The magnetic field vector does not show in the XY plane, because the magnetic field is mainly in the Z direction. The global interaction structure is similar to that of the MHD model [Ma et al., 2004] including slowing down of the plasma flow in the region close to the moon; piling up and draping of the magnetic field around the obstacle; the forming of a pair of Alfven wings along the magnetic field direction. Because magnetic field is mainly in the Z direction, the plasma flow pattern in the XY and XZ plane are significantly different. The acceleration in the flank region of Titan in the equatorial plane (XY) is caused by magnetic tension force. This demonstrates that solving separate pressure equations for ions and electrons in the model, as long the upstream plasma total pressure is set to be the same, will result in similar large-scale results. However, the two models predict significantly different magnetic fields in the ionosphere of Titan, which will be discussed in detail later. It is also worth noting that the result of single fluid MHD is symmetric in the XY plane, while hybrid simulation produces asymmetric interaction pattern in this plane due to ion pickup process [Brecht et al., 2000] .
[15] Figure 2 shows contour plots of electron number density and plasma pressure (P e + P i ) in the equatorial (XY) and polar (XZ) plane with the two-fluid MHD model. In comparison, Figure 3 plots results of the single-fluid MHD model in the same format. There are some differences in the plasma flank and wake regions for the electron number density. The plasma extends further in the tail region for two-fluid MHD. Also, the plasma pressure is much higher in the ionosphere for the two-fluid MHD case, mainly contributed by the electron pressure, in comparison with the single-fluid MHD case. The transterminator fluxes for heavy ion species (mass ≥ 28) are 1.0 × 10 24 ions/s, corresponding to 52.5 g/s mass transport for both cases. The total escape rate is 3.3 × 10 24 ions/s for the single-fluid MHD case and increases about 12% when using two fluid MHD model. The transterminator fluxes are similar to the values estimated by Cui et al. [2010] , but total escape fluxes of the MHD models are smaller than their estimate (∼1.7 × 10 25 ). Even though the ion pressure of the two-fluid model is similar to that predicted by the regular MHD model, the electron temperature (pressure) in the ionosphere is high because of thermal electron heating and the loose coupling between the electrons and ions/neutrals. As a result, the thermal pressure in the ionosphere is high enough to stand off the upstream plasma flow and stop the magnetic field from penetrating the ionosphere. [16] This can also be clearly seen in Figure 4 , which plots the pressure profiles versus altitude along the ram direction for both the single-fluid MHD (Figure 4a ) and two-fluid MHD (Figure 4b ) models. For each case, the magnetic pressure P B (B 2 /2m 0 ), dynamic pressure P D (ru 2 ), thermal pressure of the plasma P T , electron thermal pressure P e , ion thermal pressure P i and total pressure P TOTAL (the sum of magnetic pressure P B , dynamic pressure P D , and thermal pressure P T ) are plotted. In the single-fluid MHD model, only the plasma thermal pressure is calculated, and P e and P i are just assumed to be the same (P T /2). According to the parameters used in the case, the thermal pressure, dynamic pressure and magnetic pressure of the unperturbed plasma are 0.054 nPa, 0.036 nPa, and 0.01 nPa, respectively. In both cases, the thermal pressure is dominant in the unperturbed plasma flow. Both the dynamic pressure and thermal pressure are converted into magnetic pressure as the plasma moves inward along the ram direction (the plasma flow slows down and cools as a result of mass loading). Significant slow down of the plasma starts from about 4R T upstream, while the cooling of the plasma is important below 3000 km altitude. Because the coupling between ions and neutrals is tight, the resulting ion temperature is close to neutrals in the deep ionosphere for both cases. The main differences between the two models are in the electron and magnetic pressures in the ionosphere. Since the coupling between electrons and neutrals is weak; the electrons have a higher temperature than the ions/neutrals due to thermal electron heating. The peak of the thermal pressure in the ionosphere is around 0.04 nPa in the case of the single-fluid model, while it is roughly 3 times that value for the two-fluid model, which is contributed mainly by the electron pressure. The upstream total pressure is slightly smaller than the peak of the thermal pressure in the two-fluid MHD case. As a result, the magnetic field penetration is stopped by the conducting ionosphere, at 1000 km in this case. In contrast, the magnetic field piles up all the way to 900 km and only drops to zero due to magnetic diffusion at very low altitudes, in the case of the single-fluid MHD model. Using empirical estimations, Cravens et al. [2010] also found that the structure of the magnetic field is dominated by magnetic diffusion at altitudes below ∼1000 km, consistent with the analysis of Ulusen et al. [2010] based on the T5 flyby.
Observations and Model Comparisons of the T34 Flyby
[17] In this section, we apply the two-fluid MHD model to the T34 flyby, described in some detail by Simon et al. [2008] . During this flyby, Cassini passed Titan at 0111 UT Figure 2 . Contour plots of electron number density and plasma pressure (P e + P i ) in the equatorial (XY) and polar (XZ) planes for the two-fluid MHD model. on 19 July 2007, with the closest approach at 1332 km altitude from Titan's surface. As shown in Figure 5 , the spacecraft trajectory lies almost exactly in the equatorial plane of Titan. The blue squares show the spacecraft location at 10 min intervals. Titan is located at the dusk sector at 18.8 SLT during the flyby, indicating that the upstream co-rotational plasma would interact mostly with the dayside ionosphere of Titan, similar to the solar wind-planetary interaction. This is the only flyby to date that Cassini passed through the low ionosphere (<1500 km altitude) of Titan from the upstream side of the equatorial plane. The magnetic field vector and field strength observed by the magnetometer [Dougherty et al., 2004] are overplotted with the trajectory. A clear draping pattern can be seen in the magnetic field vectors in Figure 5 (left). The magnetic field pileup is also clearly shown in the plot as the vector length increases in the intermediate region, also indicated by the color denoting the magnitude of the field strength.
[18] We use the two-fluid MHD model to simulate this flyby. The direction of the Sun during the flyby is set to (−0.958, 0.21, −0.20 [Young et al., 2004] observations, respectively. The plasma magnetic field is set to B = [−1.0, 2.3, −2.1] nT, based on mean background magnetic field observations. The magnetic field magnitude is therefore 3.27 nT. This field is similar to the values used by Simon et al. [2008] , but the upstream plasma density is smaller than that used by Simon et al. [2008] , in which a Voyager-like plasma density was used. The plasma is assumed to be flowing along the co-rotation direction with a speed of 150 km/s. Titan faces a submagnetosonic (magnetosonic Mach number: M MS = 0.9), yet superAlfvenic (Alfvenic Mach number: M A = 1.8) magnetospheric plasma flow.
[19] Figure 6 shows data and model comparisons of plasma density, velocity and temperature for the single-fluid (Figure 6a ) and two-fluid (Figure 6b ) models during the T34 flyby. As can be seen in Figure 6 (top), both models reproduce well the plasma density along the trajectory. The predicted peak of the electron number density is somewhat larger than observed by the Langmuir Probe (LP). The sharp drop of the electron density across the ionopause when moving to higher altitudes is well reproduced by the models for both inbound and outbound passes. Both models predict that across the ionopause, the plasma flow speed drops more sharply during the inbound pass than outbound, as shown in Figure 6 (middle). However, the two models predict significantly different temperature profiles for electrons along the Figure 6 (bottom). The single-fluid MHD model predicts that inside the ionosphere, both electron and ion temperatures are the same as the neutral temperature. The ion temperature of the two-fluid model is also nearly the same as the neutral temperature in the ionosphere, but the electron temperature is much higher than that of the ions due to the reasons that stated before. At the closest approach, the electron temperature is about 800 K according to LP observations, while the estimations from the single fluid model and the two-fluid model are 150 K and 2300 K, respectively. In comparison, the ion temperatures from those two models are 150 K and 160 K, respectively. Apparently, the two-fluid model is able to produces higher electron temperature than that of the neutrals and ions in the lower ionosphere that better matched the observations. However, the calculated electron temperature is somewhat higher than LP observations in the ionosphere. This could be due to (1) overestimation of the characteristic energy due to thermal electron heating or (2) underestimation of electronneutral cooling rates.
[20] Data and model comparisons of the magnetic field during the T34 flyby for the single-fluid and two-fluid models are illustrated in Figure 7 with the measured (black lines) and the simulated (red lines) signatures along the In each case, the magnetic pressure P B = B 2 /2m 0 , dynamic pressure P D = ru 2 , electron thermal pressure P e = n e kT e , ion thermal pressure P i = n i kT i , plasma thermal pressure P T = P e + P i , and total pressure P TOTAL = P B + P D + P T are plotted. These signatures agree well with observations especially outside of the ionopause as indicated by the two dashed lines marked at 0106 UT and 0115 UT, corresponding to 1650 km and 1515 km during inbound and outbound passes. Also the calculated B X , B Y , and B are similar to that predicted by the hybrid model of Simon et al. [2008] . Both the hybrid and single-fluid MHD models predict that the magnetic field reaches all the way to the lower ionosphere, in contrast to the observations.
[21] The sharp changes of the magnetic field across the ionopause are only reproduced with the two-fluid MHD model as shown in Figure 7a . This is because the two-fluid model is able to reproduce the high electron temperature in the ionosphere, and the thermal pressure in the ionosphere is crucial to obtaining the correct magnetic field behavior in the region. Both observation and model show that at least occasionally, Titan's ionosphere can stop the magnetic field from penetrating inside. It should also be noted that the value inside the ionosphere for modeled B z and B are somewhat different from the values observed. The differences are likely caused by the fossil field resulting from interactions with previous plasma conditions , in which the upstream plasma pressure is high enough to cause the penetration of the magnetic field. Because of the slow convection of the plasma in the ionosphere, the fossil magnetic field can last for hours [Ma et al., 2009] .
[22] The differences of the two model results are also clearly shown in Figure 8 . Both models predict the pileup of the magnetic field in the upstream region. The magnetic field penetrates deeper into the ionosphere in the single-fluid model, in comparison with the two-fluid model. The sharp decrease of the observed magnetic field strength matches better with the two-fluid model results. Because the upstream plasma flow is assumed to be along the co-rotation flow direction, the pileup region is symmetric about the flow direction. In contrast, the observations seem to indicate that the flow is tilted toward the negative Z direction. The asymmetry is unlikely to be caused by ion pickup process or associated finite gyroradius effects since hybrid simulation by Simon et al. [2008] also failed to reproduce the different peak values of magnetic field strength during inbound and outbound passes.
Summary
[23] We have used our new two-fluid multispecies MHD model to study the effects of thermal electron heating in Titan's ionosphere. This model presents an improvement over the previously used multispecies single-fluid MHD model by solving both the electron and ion pressure equations instead of a single plasma pressure equation. This improvement enables a more accurate evaluation of ion and electron temperatures inside Titan's ionosphere. We show the importance of the improvement by applying the twofluid MHD model to an ideal case and comparing the results with that of the single-fluid MHD model. Simulation results show that the dayside ionosphere thermal pressure is larger than the upstream pressure when Titan is located in the dusk region; thus the magnetic field is shielded by the highly conducting ionosphere in this situation, similar to the interaction of Venus during solar maximum conditions. The model is also applied to the T34 flyby of Cassini, which occurred near the dusk region. Model results show that it is critical to include thermal electron heating in order to reproduce the key features that are observed in the ionosphere by the magnetometer and the Langmuir probe.
[24] The two-fluid MHD model is an important improvement over the single-pressure MHD model. It is able to selfconsistently calculate separate electron and ion temperatures, and can help us to better understand the behavior of the magnetic field inside the ionosphere. Please note that the Hall Effect as well as neutral wind coupling is neglected in the model presented in this paper. Their effects could be important in some regions as suggested by Ulusen et al. [2010] and will be discussed in future studies.
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